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HIGH-EXPLOSIVE  CRATERING  IN  FROZEN 
AND  UNFROZEN  SOILS  IN  ALASKA 


North  Smith 


INTRODUCTION 

A  problem  facing  all  excavation  contractors 
and  military  engineering  and  construction  units 
on  their  initial  encounter  with  cold  regions  is  the 
effect  of  frozen  soil  moisture  on  explosive  cra¬ 
tering  and  breakup  Livingston  (1959)  reported 
that  surface  layers  of  frozen  soil  could  be  most 
effectively  broken  up  by  placing  the  explosive 
charges  of  suitable  size  immediately  below  the 
frozen  surface  layer.  More  recently,  however, 
Mellor  and  Sellmann  (1974)  reported  that  small 
charges  set  in  unfrozen  material  beneath  a 
frozen  layer  could  be  quite  ineffective  in  certain 
types  of  soil,  and  they  attributed  this  effect  to 
differences  in  the  compressibility  of  the  un¬ 
frozen  material  In  the  saturated  soils  the  com¬ 
pressibility  is  quite  low  and  the  explosives  are 
very  effective  when  placed  below  the  frozen 
layer,  much  the  same  as  with  submersion  of  ex¬ 
plosives  in  water  below  an  ice  sheet  However,  in 
soils  of  low  moisture  and  high  porosity,  high  at¬ 
tenuation  of  the  explosive  shock  is  likely  to 
result  in  merely  a  camouflet  rather  than  a 
broken  or  cratered  surface  layer 

Larger  explosive  charges,  in  the  range  of  1  to 
10  tons  (weights  applicable  to  excavation  and 
cratering  operations)  would  seem  not  to  be  af¬ 
fected  by  the  thin  layers  of  frozen  soil  expected 
in  most  areas  having  seasonal  frost  Some  effect 
is  expected  on  the  fly  rock  size  and  on  the  propa¬ 
gation  velocity  of  elastic  Rayleigh  waves,  but 
the  true  and  apparent  crater  dimensions  would 
probably  be  unaffected  However,  in  areas  of 
deep  seasonal  frost  (up  to  9  ft)  and  permafrost, 


significant  differences  from  the  unfrozen  results 
seemed  probable,  and  therefore  some  additional 
testing  was  undertaken  by  CRREL  (Smith  1975, 
1976a,  1976b,  1976c,  1977)  and  WES  (USAE 
Waterways  Experiment  Station)  during  1975-76. 

Test  sites 

Three  test  sites  were  used  for  the  high  explo¬ 
sive  cratering  tests.  One  site  (Fig.  1),  an  explosive 
ordnance  demolition  (EOD)  range,  was  located 
at  Ft  Richardson,  near  Anchorage,  Alaska  The 
range  had  been  stripped  of  organic  surface  soil 
leaving  a  very  compact  sandy  gravel  (Fig  2)  with 
some  large  cobbles  and  boulders  having  a  maxi¬ 
mum  size  of  8  in  down  to  a  depth  of  3  ft  Below 
that  depth  the  maximum  size  increased  to  24  in 
(Fig  3).  At  the  time  of  the  frozen  condition  test¬ 
ing,  the  gravel  was  frozen  to  a  depth  between  5 
and  6  ft  Composite  soil  moisture  profiles  for 
several  auger  holes  are  shown  in  Figure  4  Below 
the  1  -ft  depth  the  moisture  contents  were 
generally  between  2  and  5%.  Snowmelt  infiltra¬ 
tion  near  the  surface  resulted  in  a  thin  surface 
layer  with  a  moisture  content  ranging  between  8 
and  25%  The  snow  cover  on  the  test  area  was 
removed  for  the  winter  tests  several  days  before 
testing  (Fig.  5)  The  winter  tests  were  conducted 
in  March  1975  and  thawed  condition  tests  were 
conducted  in  September  1975 

Two  test  sites  consisting  of  Fairbanks  silt  (Fig 
6)  were  located  at  Fort  Wainwright,  near  Fair¬ 
banks,  Alaska  (Fig  7)  one  in  a  seasonal  frost  area 
and  one  in  permafrost  The  seasonal  frost  area 
had  been  cleared  and  stripped  of  vegetation  for 
military  field  exercises  about  10  years  prior  to 
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Figure  1.  Location  of  test  site  (EOD  range)  at  Ft.  Richardson. 
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Figure  3  Typical  borehole  soil  log,  Fort  Richardson  EOD  range 


Figure  8.  Moisture  profile  in  seasonally 
frozen  silt.  Fort  Wainwright. 


these  tests,  resulting  in  a  surface  thaw  zone  with 
a  maximum  thickness  of  17  ft  overlying  silt  per¬ 
mafrost  during  the  thawed  condition  testing  in 
September  1976  During  testing  in  March  1976, 
the  frost  zone  had  an  average  thickness  of  7  ft 
with  a  thaw  zone  (talik)  between  7  and  10  ft  thick 
beneath  it  and  overlying  the  silt  permafrost 
Moisture  conditions  for  the  area  are  shown  in 
the  soil  moisture  profile  of  hgure  8  The  tests  in 
the  permafrost  area  were  conducted  in  March 
1976  in  cooperation  with  the  WfcS  testing  of  a 
slurry  explosive 

Test  procedures  and  materials 

All  shotholes  were  augered  with  truck- 
mounted  Williams  augers  (Fig  9)  Various  bit 
sizes  were  tried,  with  diameters  ranging  from  12 
to  20  in,,  although  most  holes  had  diameters  of 
18  or  20  in  Auger  penetration  rates  were  10  to  1  5 
ft/hr  in  the  gravel  (frozen  and  unfrozen)  and 
about  8  ft/hr  in  the  frozen  silt  (Penetration  rates 
in  frozen  soils  can  vary  from  as  low  as  2  ft/hr  to  a 
high  of  120  ft/hr  (Sellmann  and  Mellor  1978)  ]  In 


the  thawed  silt,  a  14-ft  deep  hole  could  be 
augered  in  5  minutes  or  less  (175-200  ft/hr) 
Augering  in  the  thawed  gravel  was  very  trouble¬ 
some  because  of  the  progressive  collapse  of  the 
hole  wall.  The  wall  collapse  and  the  large  cobble 
size  at  greater  depth  resulted  in  a  maximum  at¬ 
tainable  hole  depth  of  between  IT  and  14  ft 
Two  types  of  bulk  explosive  were  used  in  the 
gravel  and  seasonal  frost  test  areas,  Dupont 
60%  Pelletol  and  Canadian  Industries  Limited 
(CIL)  Nitropel  The  two  bulk  explosives  have  very 
similar  characteristics,  they  both  are  waterproof, 
pelletized  TNT,  with  a  free-pour  bulk  density  of 
68  lb/ft‘  and  non-cap-sensitivity  The  charges 
were  primed  with  1-lb  primers  (approx  one  for 
each  50  lb  of  explosive)  at  the  'A  and  ‘A  depths 
with  150  lb  or  more  of  explosives  Detonating 
cord  was  used  as  downlines  to  the  primers  and 
firing  of  the  detonating  cord  was  with  no  6  elec¬ 
tric  caps  on  the  surface  The  shotholes  were 
completely  stemmed  with  auger  cuttings  after 
loading  and  prior  to  attaching  the  cap  to  the 
detonating  cord  Charge  weights  m  the  gravel 


6 


ranged  from  51  to  30.5  lb,  were  300  lb  in  the  sea¬ 
sonally  frozen  and  thawed  silt  and  ranged  from 
60  to  3120  lb  in  the  silt  permafrost. 

After  each  firing,  the  depth  and  diameter  of 
the  apparent  crater  were  measured,  the  average 


lip  height  was  estimated  and  the  surface  diam¬ 
eter  of  the  true  crater  was  measured  A  schem¬ 
atic  drawing  (Fig  10)  shows  the  locations  for  the 
crater  measurements  Test  results  and  normal¬ 
ized  cube-root  scaled  values  are  summarized  in 
Tables  1-5 


Figure  10.  Crater  schematic  diagram. 


Table  1.  Results  of  cratering  tests  in  gravel  frozen  to  a  depth  of  5  ft. 
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7  20 

1  94 

4  30 

1  1b 

1  35 

1  2 

tot 

6  72 

11  88 

1  77 

1795 

2  67 

14  62 

2  18 

3  20 

0  48 

0  74 

2  2 

102 

4  67 

6  50 

1  39 

13  67 

293 

10  19 

2  18 

4  80 

1  03 

1  07 

1  8 

30) 

6  72 

1000 

1  49 

17  73 

2  64 

14  75 

2  19 

6  70 

1  00 

0  74 

1  8 

223 

606 

700 

1  16 

15  45 

2  55 

12  38 

2  04 

5  20 

0  86 

0  83 

1  3 

265 

6  42 

7  25 

1  13 

17  18 

2  68 

13  18 

2  05 

6  30 

0  98 

0  78 

1  7 

•  to  cooler  of  gravity 
t  thickness  of  frozen  layer,  t  =  5  0  ft 
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Table  2.  Results  of  cratering  tests  in  thawed  gravel. 

Scaled  Scaled  Scaled 


Charge 
w  t.  W 

llbl 

Scaled 
charge  wt 

w" 

Hb" 

Charge 

depth, 

dlltl 

Scaled 

charge 

depth 

d/W 

Itt/lb") 

Radius, 

true 

crater 

«, 

mi 

radius, 

true 

crater 
R/w' ' 
IWIb'l 

Radius, 
apparent 
crater,  R, 
till  A 

radius, 

apparent 

crater 

RJW'' 
(Wlb  ') 

Depth, 

apparent 

crater 

H 

«t) 

depth, 

apparent 

crater 

H/W" 

If  Lib  ‘ ') 

Avg 

hp 

heigh 

1 ft ! 

303 

6  72 

11  4 

1  70 

25  0 

3  72 

184 

2  74 

6  50 

0  97 

2  5 

102 

4  67 

6  20 

1  33 

14  5 

3  10 

12.2 

2  61 

500 

1  07 

1  0 

303 

6  72 

11  1 

1  65 

17  8 

2  65 

15  5 

2  31 

8  40 

1  25 

18 

102 

4  67 

6  80 

1  46 

12  7 

2  72 

10  5 

2  25 

4  80 

1  03 

0  5 

51 

3  71 

3  20 

0  86 

8  8 

2  37 

7.4 

1  99 

3  70 

1  00 

10 

152 

5  34 

6  80 

1  27 

15  3 

2  86 

12  3 

2  30 

5  60 

1  05 

08 

153 

5  35 

5  80 

1  08 

14  0 

2  62 

11.4 

2  13 

5  30 

0  99 

08 

51 

3  71 

6  20 

1  67 

10  5 

2  83 

9  4 

2  53 

300 

0  81 

1  2 

51 

3  71 

4  60 

1  24 

10  5 

2  83 

8  6 

2  32 

4  00 

1  08 

15 

253 

6  32 

6  50 

1.03 

15  8 

2  50 

13  9 

2  20 

5  70 

090 

0  8 

203 

5  88 

6  40 

1  09 

18  6 

3  16 

13  0 

2  21 

5  30 

090 

1.5 

26 

2  96 

5  40 

1  82 

100 

3  38 

7  7 

2  60 

2  40 

0  81 

08 

203 

4  25 

9  60 

1  63 

21  2 

3  60 

14  5 

2  46 

5  50 

0  94 

2.0 

77 

4  25 

800 

1  88 

136 

3  20 

109 

2  56 

400 

094 

1  0 

Table  3.  Results  of  cratering  tests  in  frozen  silt  underlain  with  a  talik  and  permafrost  (charge  weight  =  W 
=  300  lb,  scaled  weight  =  Wv’  =  6.67  lb  /l). 


Charge 
depth 
d.  (ft) 

Scaled 

charge 

depth 

d/W" 

mb") 

Radius, 

true 

crater 

R, 

m 

Scaled 

radius, 

true 

crater 

R/W" 

1  ft/lb  ’  7 

Radius, 
apparent 
crater  RA 
(ft) 

Scaled 

radius, 

apparent 

crater 

ra/w" 
(Wlb  7 

Depth, 

apparent 

crater 

H 

(ft) 

Scaled 

depth, 

apparent 

crater 

H/W" 

I  Wlb") 

Thickness 

of 

frozen 
layer  t 

(ft) 

Scaled 
thickness 
of  frozen 
layer 

vw" 

(Wlb") 

Avg. 

lip 

height 

(ft) 

316 

0  47 

13  58 

203 

9  92 

1  48 

80 

1  20 

70 

1  05 

1  0 

20  42 

305 

(44  12)* 

(6  59) 

(3  0) 

(0  45) 

70 

1  05 

16  96 

2  54 

34  17 

5  11 

1615 

2  41 

0  5 

0  07 

7  5 

1  12 

6  5 

7  41 

111 

16  50 

2  47 

11.50 

1  72 

4  * 

0  64 

70 

1  05 

0  5 

4  79 

0  72 

15  16 

2  27 

10  25 

1  53 

5  2 

0  78 

70 

1  05 

08 

14  58 

2  18 

44  34 

6  63 

15  50 

2  32 

30 

0  45 

90 

1  34 

30 

9  66 

1.44 

32  75 

4  90 

19  34 

2  89 

58 

0  87 

7  0 

1  05 

2  2 

12  12 

1.81 

2625 

3  92 

17  81 

2  66 

3  6 

0  54 

6  5 

0  97 

2  5 

•Numbers  in  parentheses  are  mound  dimensions  for  the  no-surface-crater  condition 
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Table  4.  Results  of  cratering  tests  in  thawed  silt  underlain  with  permafrost  (charge  weight  :  W 
=  300  lb,  scaled  weight  =  W  v>  =  6.69  lb ,/l). 


Scaled  Scaled  Scaled 


Depth  to 
permafrost 

(ft) 

Charge 
depth 
d.  (it) 

Scaled 

charge 

depth 

d/w'' 

(ft/ lb") 

Radius , 

true 

crater 

«, 

»t) 

radius. 

true 

crater 

R/W" 

lft/lb'') 

Radius , 
apparent 
c  rater,  Ra 

(fu 

radius, 

apparent 

crater 

ra/w" 

(Mb') 

Depth, 

apparent 

crater 

H 

(ft) 

depth. 

apparent 

crater 

H/W 
( ft/ lb  v‘) 

Avg 

ItP 

height 

(ft) 

150 

16  6 

2  48 

400 

5  98 

20  5 

3  06 

6  5 

098 

2  6 

15  6 

27  8 

416 

(24  8)' 

(370) 

- 

- 

(0) 

(0) 

- 

15  6 

5  8 

0  87 

21  0 

3  14 

14  2 

2  12 

9  0 

1  34 

2  2 

14  0 

16  2 

2  42 

41  0 

613 

18  4 

2  75 

5  7 

086 

20 

15  0 

19.1 

286 

33.0 

4.93 

20  5 

3  06 

8  3 

1  29 

2  3 

140 

260 

3  89 

22  5 

3  36 

13  5 

202 

4.0 

0  59 

1.8 

168 

78 

1  17 

220 

3  29 

16  0 

2  39 

88 

1  32 

2  3 

140 

14  6 

2.18 

31  0 

4  63 

20.8 

3.11 

8  2 

1  22 

28 

15  0 

20  2 

302 

35.0 

5.23 

17  0 

2  54 

7  6 

1.14 

20 

140 

236 

3  53 

25  5 

3.81 

14.0 

2  09 

66 

099 

2  6 

168 

9  3 

1  39 

23.5 

3.51 

16  7 

2  50 

98 

1  46 

2  1 

15  6 

13  5 

2  02 

33  0 

4.93 

200 

2  99 

60 

0  89 

26 

140 

21  9 

202 

24  5 

3.66 

170 

2  54 

58 

0  86 

20 

140 

106 

1  58 

33.0 

493 

21  0 

314 

100 

1  49 

38 

'Numbers  in  parentheses  are  mound  dimensions  for  the  no-surface-crater  condition 


Table  5.  Results  of  cratering  tests  in  silt  permafrost. 

Scaled  Scaled  Scaled 


Shot 

no. 

Charge 
w l.  W 
Ob) 

Scaled 
charge  wt. 

w" 

lib" 

Charge 
depth 
d.  (ft) 

Scaled 

charge 

depth 

d/w" 
(ft!  lb") 

Radius. 

true 

crater 

R, 

(ft) 

radius, 

true 

crater 

R/W" 

(fVlb" 

Radius, 
crater 
crater,  RA 
(ft) 

radius. 

apparent 

crater 

ra/w" 

(Mb’) 

Depth. 

apparent 

crater 

H 

(ft) 

depth. 

apparent 

crater 

H/W" 

( fVlb  ') 

Avg 

lip 

height 

(ft) 

1 

60 

3  91 

9  19 

2  35 

15  50 

3  96 

1025 

262 

1  02 

08 

2 

60 

3  91 

4  96 

1  27 

11  69 

2  99 

8  50 

217 

105 

1  0 

3 

60 

3  91 

9  29 

2  38 

13  65 

3.49 

8  33 

2  66 

0  77 

4 

60 

391 

3  27 

11  97 

306 

788 

4  25 

1.09 

5 

60 

3  91 

11  25 

2  88 

3  32 

1  28 

077 

2  5 

6 

60 

3  91 

13  13 

3  36 

8  10 

092 

091 

2  2 

7 

300 

6  69 

2  29 

309 

2  54 

1095 

1  64 

— 

8 

300 

669 

8  75 

1  31 

17  56 

262 

1312 

1  96 

680 

1  02 

1  5 

9 

300 

6  69 

1  72 

2  99 

2  25 

495 

0  74 

— 

10 

300 

6  69 

17  56 

2  62 

12  43 

1  86 

6  20 

093 

- 

11 

300 

6  69 

18  05 

2  70 

23  75 

3  55 

- 

(4  25)' 

- 

12 

300 

6  69 

21  55 

3  22 

3  20 

048 

1  0 

13 

3120 

14  61 

3215 

- 

- 

32  78 

2  24 

8  40 

— 

14 

3120 

14  61 

1  77 

3  45 

35  81 

2  45 

1.31 

— 

15 

3120 

14  61 

15  25 

1  04 

43  80 

32  36 

2  22 

1  08 

— 

16 

3120 

14  61 

39  80 

2  72 

3  11 

- 

- 

(9  90) 

(068) 

- 

'Numbers  in  parentheses  are  mound  dimensions  for  the  no-surface-crater  condition 
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In  the  silt  permafrost  test  site,  a  Dow  Chemi¬ 
cal  Company  slurry  explosive  (MS-80-20AL), 
packaged  in  plastic  bags  with  30  lb  per  bag,  was 
used.  The  slurry  is  a  sodium  and  ammonium  ni¬ 
trate  blasting  agent  with  a  gell-like  consistency 
having  20%  by  weight  of  aluminum  in  foil  and 
atomized  forms.  The  plastic  bags  were  cut  open 
and  the  slurry  was  dropped  into  the  shothole  to 
attain  a  high  bulk  density.  Priming,  arming  and 
stemming  were  the  same  as  for  the  pelletized  ex¬ 
plosives.  Test  results  and  their  cube  root  scaled 
values  are  tabulated  in  Table  5. 


ANALYSIS  OF  TEST  DATA 

Relationships  between  the  scaled  depth  of 
burial  of  the  charge  and  scaled  measurements  of 
the  apparent  radius  and  depth  and  the  true  ra¬ 
dius  of  the  craters  were  developed  from  the  data 
plotted  in  Figures  11-15.  The  curves  are  approxi¬ 
mate  rather  than  analytical  fits  to  the  data. 

The  test  results  for  the  frozen  and  thawed 
gravel  are  not  greatly  different.  This  could  be  ex¬ 
pected  since  the  moisture  content  was  so  low 
that  there  was  little  cementation  in  the  frozen 
state. 

Likewise,  the  test  results  for  the  seasonally 
frozen  and  thawed  silt  overlying  silt  permafrost 
are  also  not  greatly  different  with  respect  to  the 
apparent  and  true  crater  radii.  However,  the 
maximum  scaled  apparent  depth  of  crater  for 
the  frozen  condition  was  smaller  than  that  for 
the  thawed  condition.  This  is  attributed  to  the 
presence  of  the  talik  (the  thawed  layer  between 
the  seasonal  frost  surface  layer  and  the  underly¬ 
ing  permafrost).  As  the  charge  is  placed  deeper 
into  the  frozen  surface  layer,  there  is  the  tend¬ 
ency  for  energy  to  be  directed  more  into  the 
talik  than  toward  the  surface  to  create  a  crater. 
The  presence  of  the  talik  also  seems  to  produce 
a  slightly  larger  true  radius  by  channeling  the 
energy  to  a  greater  radial  distance  beneath  the 
frozen  surface  layer 

The  test  results  for  the  homogeneous  silt  per¬ 
mafrost  and  the  frozen  layered  silt  overlying  the 
talik  and  silt  permafrost  are  nearly  the  same  with 
respect  to  the  apparent  crater  radius.  The  ab¬ 
sence  of  the  talik  in  the  homogeneous  silt  per¬ 
mafrost  seems,  however,  to  result  in  a  slightly 
greater  apparent  crater  depth  and  a  slightly 
smaller  true  crater  radius  than  for  the  layered 
condition. 


The  optimum  staled  depth  of  burial  (DOB)  of 
the  charge  for  maximizing  the  apparent  crater 
radius  was  essentially  the  same  at  about  1  8  w'7) 
for  the  gravel  (both  frozen  and  thawed),  for  the 
seasonally  frozen  silt  layered  condition  and  for 
the  silt  permafrost 

The  optimum  scaled  DOB  of  the  charge  for 
maximizing  the  apparent  crater  depth  varied 
from  a  low  of  10  W  1/1  for  the  seasonally  frozen 
silt  with  the  talik  underlying  it  to  a  high  of  18 
w'7*  for  the  seasonally  thawed  silt  overlying 
permafrost  The  optimum  values  for  the  frozen 
and  thawed  gravel,  and  for  the  silt  permafrost 
were  not  greatly  different  at  1.4  w'7*  and  12 
W  '/l,  respectively 

The  optimum  scaled  DOB  of  the  charge  for 
maximizing  the  true  crater  radius  ranged  from 
18  W'/|  for  the  frozen  and  thawed  gravel  to  2.1 
W,,7)  for  the  silt  permafrost  and  was  2  5  w'7*  and 
2  6  w’7*  for  the  seasonally  thawed  and  frozen 
silt  overlying  permafrost,  respectively 

Some  quantitative  comparisons  of  the  test 
results  for  the  frozen  and  thawed  conditions  and 
the  different  soil  types  can  be  made  from  the  ap¬ 
proximate  equations  in  Figures  11-15  These 
relationships  show  that  for  gravel  with  a 
moisture  content  between  about  2  and  8%,  the 
maximum  apparent  crater  radius  in  the  thawed 
condition  was  about  11%  larger  than  in  the 
frozen  condition.  Likewise,  the  maximum  true 
crater  radius  in  the  thawed  condition  was  about 
20%  larger  than  in  the  frozen  condition. 
However,  the  maximum  apparent  crater  depths 
and  optimum  DOB  of  the  charges  for  both  con¬ 
ditions  were  the  same.  Much  greater  variations 
for  the  two  conditions  would  be  expected  if  the 
soil  moisture  content  and  the  depth  of  frost  were 
greater. 

In  the  silt  seasonal  frost  area,  the  maximum 
apparent  crater  radius  for  the  thawed  condition 
was  about  7%  larger  and  the  maximum  true 
crater  radius  was  about  5%  smaller  than  for  the 
frozen  condition  These  percentages  could  be 
considered  to  be  about  within  the  accuracy 
(±5%)  of  field  measurements  However,  the 
maximum  apparent  crater  depth  and  the  op¬ 
timum  DOB  of  the  charge  for  the  frozen  condi¬ 
tion  were  about  33  and  44%  smaller,  respective¬ 
ly,  than  for  the  thawed  conditon,  indicating  the 
presence  of  the  talik 

In  the  homogeneous  silt  permafrost  area,  the 
maximum  radius  and  the  depth  of  the  apparent 
crater  and  the  maximum  radius  of  the  true  crater 
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b.  Scaled  radius  of  true  crater. 

Figure  12.  Icont'd.)  Scaled  crater  dimensions  vs  scaled  burial 
depth  of  charge  for  thawed  gravel. 


a.  Scaled  radius  and  depth  of  apparent  crater. 


b.  Scaled  radius  of  true  crater. 

Figure  13.  Scaled  crater  dimensions  vs  scaled  burial  depth  of  charge 
for  seasonally  frozen  silt. 
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Figure  14.  Scaled  crater  dimensions  vs  scaled  burial  depth  of 
charge  for  thawed  silt. 


a.  Scaled  radius  and  depth  of  apparent  crater. 


Figure  15.  Scaled  crater  dimensions  vs  scaled  burial  depth 
of  charge  for  silt  permafrost. 
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6.0 


b.  Scaled  radius  of  true  crater. 

Figure  15.  (cont'd.)  Scaled  crater  dimensions  vs  scaled 
burial  depth  of  charge  for  silt  permafrost. 


were  smaller  than  in  the  seasonally  thawed  silt 
by  about  17,  29  and  39%,  respectively.  There  is 
closer  agreement  between  the  results  for  the 
homogeneous  silt  permafrost  and  the  seasonally 
frozen  silt  with  respect  to  the  maximum  ap¬ 
parent  crater  radius  and  depth  but  about  the 
same  difference  for  the  maximum  true  crater 
radius  In  the  homogeneous  silt  permafrost  the 
maximum  apparent  crater  radius  was  11% 
smaller,  the  maximum  apparent  crater  depth 
was  6%  larger  and  the  maximum  true  crater  was 
42%  smaller  than  for  the  seasonally  frozen  silt. 

Generally,  in-situ  moisture  contents  of  gravels 
and  silts  are  greatly  different,  just  as  was  en¬ 
countered  at  these  test  sites.  Therefore,  a  com¬ 
parison  of  the  results  for  the  two  soil  types  could 
be  very  helpful  in  site  selection  considerations 
for  certain  engineering  and  tactical  applications. 

The  seasonally  frozen  silt  had  maximum  ap¬ 
parent  and  true  crater  radii  about  21%  and 
114%  larger,  respectively,  than  those  in  the  fro¬ 
zen  gravel  The  maximum  apparent  depth  in  the 
frozen  gravel,  however,  was  essentially  the  same 
at  only  5%  larger  than  that  in  the  seasonally 
frozen  silt  The  large  difference  in  the  maximum 
true  crater  radii  is  probably  not  due  to  the  dif¬ 
ferent  soil  types  but  to  the  presence  of  the  talik 
beneath  the  seasonally  frozen  silt  surface  layer 
Also,  the  higher  moisture  content  and  fine  grain 
size  of  the  silt  results  in  crater  ejecta  of  a  more 
cubical  form  and  a  surface  slab  fracturing  by 
bending  outward  to  much  greater  radial  dis¬ 
tances  than  in  the  drier  gravel  which  fractures 
mostly  by  shear 

The  thawed  silt  had  a  maximum  apparent 
crater  depth  and  maximum  apparent  and  true 
crater  radii  that  were  about  43%,  18%  and  70% 
larger,  respectively,  than  those  in  the  thawed 
gravel 


There  is  close  agreement  in  the  results  for  the 
frozen  gravel  and  the  silt  permafrost.  In  the  silt 
permafrost,  the  maximum  apparent  crater  radius 
and  depth  were  about  9%  and  1%  larger,  re¬ 
spectively,  than  those  in  the  frozen  gravel  Also, 
the  maximum  true  crater  radius  in  the  silt  perma¬ 
frost  was  24%  larger  than  that  in  the  frozen 
gravel,  again  indicating  the  slab  fracturing  ef¬ 
fect 


MOBILITY  TESTS 

One  obvious  military  application  for  explo¬ 
sives  is  the  creation  of  barriers  to  prevent  or 
slow  down  troop  and  equipment  movement  on 
the  battlefield  and  supply  routes  In  conjunction 
with  the  crater  testing  in  the  seasonally  thawed 
silt  overlying  silt  permafrost,  several  mobility 
test  runs  were  made  with  an  armored  personnel 
carrier  (APC)  M-113  through  craters  that  ap¬ 
peared  to  present  a  mobility  obstacle.  It  was  dis¬ 
covered  that  two  types  of  craters  presented  im¬ 
passable  obstacles  for  the  APC  without  the  assis¬ 
tance  of  some  type  of  engineering  effort  (bull¬ 
dozer  work  or  bridging)  These  two  crater  types 
can  be  briefly  described  as  follows 

1  A  charge  buried  at  a  depth  in  feet  of  about 
two  times  the  c  ube  root  of  the  weight  (2  0  W  ! ) 
in  pounds  will  produce  a  crater  with  a  maximum 
depth  in  feet  of  15  W  1  There  is  generally  a 
fallback  mound  of  e|ecta  in  the  tenter  of  the 
crater  with  a  height  in  feet  between  0  IW  1  and 
0  5  W  >  above  the  bottom  of  the  crater  1  he 
radius  of  the  crater  in  feet  is  about  1  0  W  1  An 
APC  will  nose  into  the  mound  upon  entering  the 
crater  and  probably  will  have  to  be  jiulled  out 
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Distance  itt) 


(see  Fig  16  and  17).  Bridging  of  the  crater  will  re¬ 
quire  a  minimum  of  7.0  W  '7j  linear  feet  of  bridg¬ 
ing 

2.  A  charge  buried  at  a  depth  in  feet  of  be¬ 
tween  0  8  and  1  4  w'7j  will  produce  a  crater  with 
a  maximum  depth  (in  feet)  of  between  1.3  w'/! 
and  1  5  w'7j  Generally,  the  crater  is  blown  clear 
of  ejecta  and  has  quite  steep  side  slopes  (see  Fig 
18  and  19)  The  maximum  radius  of  the  crater  in 
feet  is  between  2.1  w'7)  and  2.5  W'7j.  Bridging  of 
the  crater  would  require  a  minimum  of  6  0  w'7) 
linear  feet  of  bridging. 

Both  types  of  craters  can  be  breached  rather 
quickly  and  easily  with  the  assistance  of  a 
bulldozer  Flowever,  it  would  be  essentially 
suicidal  not  to  have  multiple  breaching  points 
through  a  barrier  system  of  craters.  Therefore, 
several  armored  bulldozers  would  probably  be 
needed  in  the  theater  of  operations  (an  added 
logistics  requirement  for  the  advancing  enemy 
force)  The  second  type  of  crater  requires  more 
bulldozer  effort  because  of  the  absence  of  the 
center  mound  of  ejecta  and  the  steepness  of  the 
side  slopes  The  choice  of  crater  type  to  be  used 


will  depend  on  the  bridging  capabilities  of  the 
enemy  forces  and  the  available  time  to  create 
the  barrier  system  If  a  hasty  barrier  system  were 
required,  the  second  type  of  crater  would  prob¬ 
ably  be  used  in  order  to  take  advantage  of  the 
lesser  drilling  time 

The  empirical  relationships  developed  from 
the  data  plots  in  Figures  11-15  are  plotted  in 
Figures  20-24  in  a  form  to  show  how  crater 
dimensions  and  burial  depths  of  the  charge  vary 
with  the  charge  weight  A  significant  difference 
(an  approx,  factor  of  3)  is  seen  in  the  weight  of 
explosive  charge  required  to  obtain  a  crater  of 
equal  apparent  depth  in  the  thawed  and  frozen 
silt  However,  the  gravel  with  low  moisture  con¬ 
tent  required  approximately  equal  weights  of  ex¬ 
plosive  for  equal  apparent  crater  depths  in  the 
frozen  and  thawed  conditions 

WES  conducted  mobility  tests  with  an  APC 
through  the  craters  in  the  homogeneous  silt  per¬ 
mafrost  Complete  data  for  these  tests  are  not 
available,  but  the  nature  of  the  breakup  of  the 
frozen  silt  makes  for  poorer  traction  and  a  lower 
speed  than  for  the  thawed  condition  because  of 
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Figure  18.  Profiles  on  perpendicular  radii  of  mobility 
barrier  crater  without  fallback  mound  in  thawed  silt. 
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Figure  19.  Mobility  test  runs  in  crater  of  Figure  18 
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Figure  20.  Maximum  crater  dimensions  and 
optimum  burial  depth  of  charge  vs  charge 
weight  for  frozen  gravel.  [A— maximum  ap¬ 
parent  crater  depth,  B—  optimum  burial  depth 
to  maximize  apparent  crater  depth  A,  C  — op¬ 
timum  burial  depth  of  charge  to  maximize  ap¬ 
parent  crater  radius  E,  D— optimum  burial 
depth  of  charge  to  maximize  true  crater  radius 
F,  E  —  maximum  apparent  crater  radius, 
F- maximum  true  crater  radius.) 


I  igure  21.  Maximum  crater  dimensions  and  op¬ 
timum  burial  depth  of  charge  vs  charge  weight 
for  thawed  gravel. 


w,  Charge  Weight,  lbs 

f  igure  22  Maximum  crater  dimensions  and  op¬ 
timum  burial  depth  of  charge  vs  charge  weight 
lor  frozen  silt  underlain  by  a  talik  and  silt  per¬ 
mafrost 


w,  Charge  Weight,  lbs 

figure  21.  Maximum  crater  dimensions  and  op¬ 
timum  burial  depth  of  charge  \s  charge  weight 
for  thawed  silt  underlain  wit h  silt  permafrost  at 
depth  of  1 4  to  1 7  it 
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b.  burial  depth  =  1.44  W 


Figure  25.  (cont'd.)  Mobility  barrier  of  fractured  frozen  silt  crater  e/ecfa. 


the  surface  roughness.  In  fact,  the  fractured 
frozen  silt  strewn  on  the  surface  like  a  boulder 
field  will  make  vehicular  movement  much  more 
difficult,  slower,  and  more  vulnerable  to  defen¬ 
sive  firepower  even  if  the  craters  are  small 
Charge  burial  depth  for  such  barrier  systems  can 
be  quite  shallow  (Fig.  25) 


CONCLUSIONS 

In  gravel  with  a  low  moisture  content  (2  to 
8%),  the  craters  for  the  thawed  condition  will 
have  radii  larger  than  those  for  the  frozen  condi¬ 
tion  by  about  10  and  20%  for  the  apparent  and 
true  dimensions,  respectively,  and  will  have 
about  equal  apparent  depths.  For  both  the  fro¬ 
zen  and  thawed  conditions,  the  optimum  DOB 
of  the  charge  will  be  about  1  8  w'7’  for  maximiz¬ 
ing  the  apparent  and  true  crater  radii  and  about 
1.4  w'7’  for  maximizing  the  apparent  crater 
depth 

In  silt  with  an  average  moisture  content  of 
about  10%,  the  craters  for  the  thawed  layer 
overlying  permafrost  will  have  larger  apparent 
and  true  radii  than  those  in  homogeneous  silt 
permafrost  by  about  20  and  65%,  respectively 
The  optimum  DOB  of  the  charge  for  maximizing 


the  apparent  crater  radius  in  the  thawed  condi¬ 
tion  is  about  17%  deeper  than  in  the  permafrost 
For  the  true  radius,  the  percentage  is  only 
slightly  higher  at  19%.  The  apparent  crater 
depth  in  the  thawed  conditon  is  about  42% 
larger  than  that  in  the  permafrost,  and  the  opti¬ 
mum  DOB  of  the  charge  is  about  50%  deeper 
for  the  thawed  condition 

The  seasonally  frozen  silt  overlying  a  talik  and 
permafrost  will  have  larger  apparent  and  true 
crater  radii  than  the  permafrost  by  about  12  and 
74%,  respectively,  because  of  energy  channel¬ 
ing  in  the  talik.  The  optimum  DOB's  of  the 
charges  for  maximizing  the  apparent  and  true 
crater  radii  in  the  layered  system  are  equal  and 
24%  larger,  respectively,  than  in  the  permafrost 
The  optimum  DOB  of  the  charge  for  maximizing 
the  apparent  crater  depth  is  essentially  the  same 
at  1.0  w’7’  and  1.06  w'7s  for  the  layered  and  ho¬ 
mogeneous  conditions,  respectively 

Craters  in  the  silt  permafrost  with  30%  soil 
moisture  will  have  maximum  apparent  radii  and 
depths  less  than  10%  larger  than  those  in  frozen 
gravel  with  2  to  8%  soil  moisture.  However,  the 
true  crater  radius  in  the  silt  permafrost  will  be 
about  24%  larger  than  that  in  the  frozen  gravel 
due  to  the  slab  fracturing  effect  in  the  silt  per¬ 
mafrost  The  optimum  DOB  of  the  charge  for 
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maximizing  the  apparent  crater  radius  is  the 
same  in  the  two  materials  at  about  1.8  W  v> .  The 
optimum  DOB  of  the  charge  for  maximizing  the 
apparent  crater  depth  in  the  gravel  is  about  17% 
deeper  than  for  the  silt  permafrost,  14  w’/j  and 
1.2  w'/j,  respectively.  The  optimum  DOB  of  the 
charge  for  maximizing  the  true  crater  radius  in 
the  silt  permafrost  is  about  17%  deeper  than  for 
the  gravel,  2.1  W,/j  and  1.8  w'/j,  respectively. 

Two  types  of  craters  in  thawed  silt  are  effec¬ 
tive  barriers  against  APC  movement.  For  one 
type,  charges  buried  at  depths  of  about  2.0  w'/j 
will  produce  craters  with  depths  of  1 .5  W  and 
radii  of  3.0  W,/j .  There  will  generally  be  a  center 
mound  of  ejecta  fallback  which  might  make  it 
easier  to  bridge  the  craters  However,  some  en¬ 
gineering  effort  will  be  necessary  to  breach 
them.  For  the  other  type,  charges  buried  at 
depths  of  0.8  to  1.4  time  W 1/1  will  produce 
craters  with  depths  of  1.2  to  1.5  times  W1/j  and 
radii  of  2.3  times  w'/j.  The  craters  are  blown 
clear  of  ejecta  and  have  steep  side  slopes.  Bridg¬ 
ing  and/or  dozer  work  will  be  required  to  breach 
them 

The  weight  of  explosive  required  to  produce 
an  equal  apparent  crater  radius  in  silt  is  greater 
by  a  factor  of  about  two  for  the  frozen  condition 
and  by  a  factor  of  about  three  to  produce  a 
crater  with  an  equal  apparent  depth 


In  frozen  silt  the  cubical  form  of  the  ejecta 
makes  for  poor  traction  and  surface  roughness, 
which  drastically  slow  vehicular  movement  and 
increase  vulnerability  to  defensive  firepower 


LITERATURE  CITED 

Livingston,  C  W  (1959)  txcavations  in  frozen  ground.  Part  II 
Explosion  tests  in  frozen  glacial  till.  I  f  Chun  hill.  1959 
CRRtL  Technical  Report  30,  AD  233474. 

Mellor,  M  and  PV  Sellmann  (1974)  Blasting  tests  in 
seasonally  frozen  ground  CRRfcL  technical  Note  (un¬ 
published) 

Smith.  N  and  M  Mellor  (1975)  High  explosive  cratering  in 
seasonally  frozen  gravel  CRRLL  Technical  Note  (un¬ 
published) 

Smith,  N  (197ba)  Cratering  of  sill  permafrost  using  a  slurry  ex 
plosive  CRRtL  Technical  Note  (unpublished) 

Smith,  N  (1976b)  High  explosive  cratering  in  seasonally 
frozen  permafrost  layered  silt  formations  CRRtL 
Technical  Note  (unpublished) 

Smith.  N  (1976c)  High  explosive  cratering  in  thawed  gravel 
CRRtL  Technical  Note  (unpublished) 

Smith.  N  (1977)  High  explosive  cratering  in  a  thawed 
permafrost  layered  silt  formation  CRRtL  Technical 
Note  (unpublished) 

Sellmann,  Paul  V  and  M  Mellor  (1978)  Large  mobile  drilling 
rigs  used  along  the  Alaska  pipeline  CRRtL  Special 
Report  78-4,  AD  A053536 


21 


A  facsimile  catalog  card  in  Library  of  Congress  MARC  format 
is  reproduced  below. 


Smith,  North 

High-explosive  cratering  in  frozen  and  unfrozen  soils  in 
Alaska/by  North  Smith.  Hanover,  N.H.:  U.S.  Cold  Regions  Re¬ 
search  and  Engineering  Laboratory;  Springfield,  Va. ;  avail¬ 
able  from  National  Technical  Information  Service,  1980. 
v,  26  p.,  illus.;  28  cm.  (  CRREL  Report  80-9.  ) 

Prepared  for  Directorate  of  Military  Programs,  Office, 

Chief  of  Engineers,  by  Corps  of  Engineers,  U.S.  Army  Cold 
Regions  Research  and  Engineering  Laboratory,  under  DA  Project 
4A762730AT42. 

Bibliography:  p.  20. 

1.  Craters.  2.  High  explosives.  3.  Permafrost.  Soils. 
I.  United  States.  Army  Corps  of  Engineers.  II.  Army  Cold 
Regions  Research  and  Engineering  Laboratory,  Hanover,  N.H. 
III.  Series:  CRREL  Report  80-9. 

U.S.  GOVERNMENT  PRINTING  OFFICE:  19  8  0-600-420/429 


